Executive Summary and Acknowledgments
Mini-split heat pumps are being proposed as a new retrofit option to replace resistance heating in the Pacific Northwest. NREL has previously developed a field test protocol for mini-split systems to ensure consistent results from field tests (Christensen et al. 2011 ). This report focuses on the development of detailed system performance maps for mini-split heat pumps to expand on data reported by manufacturers so that the cost and performance characteristics of mini-split systems can be accurately compared with conventional systems. This report presents laboratory test results for two mini-split heat pumps. Steady-state heating and cooling performance for the Fujitsu 12RLS and Mitsubishi FE12NA was tested under a wide range of outdoor and indoor temperatures at various compressor and fan speeds. Cycling performance for each unit was also tested under both modes of operation. The experimental test data aligned with manufacturer reported values and both systems outperformed two-stage, high SEER forced air systems under low and intermediate loads. However, high SEER forced air systems tend to have slightly higher (10%-25%) COPs when operating at peak load. Adequate datasets were attained to promote performance modeling of these two systems in the future.
Project Overview
Mini-split heat pumps (MSHPs) have several potential benefits over conventional heating, ventilating, and air-conditioning (HVAC) systems for use in both newly constructed energy efficient homes and in older home retrofits. By controlling the temperature and humidity in each zone, MSHPs offer energy savings by only conditioning occupied rooms instead of an entire house. High end mini-split heat pump technologies utilize variable speed compressors and fans allowing for a reduction in cycling losses, improved part load control, and enhanced humidity control. The ductless nature of these systems also reduces air-side losses. A ductless system could be particularly useful in retrofit applications where ductwork might not be available or easily installed.
Several issues must be resolved before MSHPs can achieve broad market penetration in the U.S. MSHPs are likely more expensive than high seasonal energy efficiency ratio (SEER) forced air systems; particularly when installed in an average size U.S. home which will typically require multiple indoor units. However, a detailed cost analysis comparing high SEER forced air systems with ducts in conditioned space to MSHP options needs to be conducted. Homeowners may not prefer wall mounted MSHPs for aesthetic reasons. Aesthetic issues could potentially be minimized by using ceiling mounted or ceiling cassette indoor units. It may also be more difficult to install indoor units in every room than installing supply air registers, particularly in new construction. Due to the expense and difficulty of installing an indoor unit in every room, some rooms may not be directly conditioned, leading to reduced comfort compared to forced air systems.
Several mini-split heat pumps currently on the market are rated at SEER 25 or above. These impressive ratings, compared to high SEER forced air systems (SEER 18 and above), potentially make MSHPs a promising space conditioning solution for reducing the amount of energy used in residential buildings. In order to validate the potential benefit of these systems, it is first essential to increase the knowledge and understanding of how they will perform in a variety of operating conditions and climate types. This can only be achieved through laboratory experiments and field monitoring of installed units. Laboratory experimentation provides controlled and accurate performance data against which installed performance from real homes can be compared and component models for use in whole-house simulation tools can be generated. MSHP manufacturers publish performance data for a single speed only and do not publish sufficient data for performance map and component model development. 
Test Description
Both MSHPs were tested by Herrick Laboratories at the Mechanical Engineering Department at Purdue University. The units were tested under a variety of operating conditions and measurements were taken to characterize and map the performance of both heat pumps. The MSHP performance maps will be used to explain trends that were witnessed in the field during the data monitoring process and will be used to develop component models for whole house simulation tools.
Experimental Test Facility
Herrick Laboratories has two American Society of Heating, Refrigerating, and Air-Conditioning Engineers (ASHRAE) standard psychrometric chambers designed to test HVAC equipment. These chambers consist of two highly insulated rooms capable of controlling temperature and humidity to simulate indoor and outdoor temperature and humidity conditions. The indoor room is equipped with an ASHRAE standard air measurement box to measure the indoor unit airflow rate (ASHRAE 1987) . Figure 1 displays the outdoor and indoor units of the Fujitsu system instrumented in the respective psychrometric chambers. An insulated discharge plenum was constructed surrounding the outlet of the indoor coil to measure the exiting dry-bulb (DB) temperatures. 
Measurements
Measurements included the following:
• Fan power and speed for both the indoor and outdoor heat exchangers
• Total heat pump power and auxiliary power
• Refrigerant mass flow rate
• Refrigerant pressures and temperatures measured at the compressor suction line, compressor discharge line, liquid line, and inlet to the evaporator
• Indoor coil return (inlet) air temperature, pressure, and humidity
• Indoor coil supply (outlet) air temperature, pressure, humidity, and volumetric flow rate
• Outdoor coil inlet and outlet temperatures
• Condensate flow rate
• Mode of operation
• Thermostat set point.
The air volumetric flow rate was determined by measuring the pressure drop across a calibrated nozzle. The air was directed across the nozzle using a discharge plenum (shown in Figure 1 ). The indoor fan power and air-side pressure drop were measured prior to connecting the discharge plenum to determine the free stream fan performance. The lab added a booster fan to the discharge plenum to cancel out the external static pressure associated with the plenum and the booster fan flow rate was adjusted to match the indoor unit fan power to the free stream fan power.
Heating Mode Tests
Heating mode tests included steady-state, cyclic, and defrost tests. The purpose of the steadystate tests is to acquire a sufficient amount of data to develop accurate performance maps. The test matrix was designed to optimize test time while testing each unit under a variety of operating conditions. Under certain operating conditions in heating mode, frost will accumulate on the outdoor heat exchanger and the unit must enter a defrost cycle to melt the accumulated frost. The unit's efficiency during defrost operation is taken into account in HSPF calculations. MSHPs don't often cycle between on and off due to the variable speed control, however, the HSPF calculation is also dependent on cycling performance degradation.
For each operating condition, various fan and compressor speeds were tested. Fan speed was set using the high, medium, or low setting on the unit's remote control. The compressor speed was varied indirectly by varying the load provided by the psychrometric chamber and the thermostat setting on the unit's remote control. A majority of the tests were conducted at an indoor temperature of 70°F. Several test points at different indoor temperatures were added to capture the dependence of return air temperature on the heat pump performance. Herrick Laboratories tested the Fujitsu unit first. Slight improvements were made to the steady-state heating mode test matrix for the Mitsubishi unit as more was understood about MSHP behavior. The cyclic and defrost tests are required to calculate the HSPF as outlined by Air-Conditioning, Heating, and Refrigeration Institute (AHRI) Standard 210/240 (AHRI 2008).
Test codes were developed to distinguish between different test points. An example test code is shown in Figure 2 . The first letter in the test code distinguishes between heating and cooling operation and the second entry describes the type of test. This is followed by the intended outdoor temperature, fan speed, and compressor speed, respectively. The default return dry-bulb temperature for heating mode is 70°F and the default return wet-bulb (WB) for cooling mode is 67°F. The final entry in the test code is included if the test was conducted at an intended indoor condition other than the default value. This field is left blank if the test was conducted using the standard temperature.
Figure 2. Experimental test code description
Each test code denotes the intended indoor and outdoor temperatures. The laboratory did not always hit the intended temperature, but the actual chamber temperature (and not the intended temperature) will be used for data analysis and performance model development. Thus, it was not crucial that the actual chamber conditions matched the intended conditions perfectly.
Cooling Mode Tests
Cooling mode tests included steady-state and cyclic tests. Similar to the heating mode tests, a variety of operating conditions were tested to best characterize the performance of the system under different indoor and outdoor temperatures, fan speeds, and cooling loads. The indoor wetbulb temperature becomes an important variable when switching to cooling mode. A majority of the test points were conducted at 80°F dry-bulb and 67°F wet-bulb indoor condition since this is the indoor operating condition used by the SEER rating procedure for steady state tests. Additional test points were added to the FE12NA test matrix after it was determined more points were needed to accurately model the cooling performance.
Return Dry Bulb (Heating) or Return Wet Bulb (Cooling) Table 2 compares the indoor airflow rates achieved in the laboratory to the manufacturerreported data. The experimental values listed are the average values from the set of experiments for the given fan speed. There are discrepancies between the manufacturer-reported and the experimentally determined values for both units at several modes of operation. However, most measured airflow rates align with the manufacturer reported values. The heating and cooling steady-state test data for both units are included in Appendix A. The indoor fan airflow rate and power varied slightly for a given speed setting and test. The indoor fans for both units are very efficient. The efficiency ranged from approximately 0.04 W/cfm to 0.08 W/cfm. The high fan efficiency can be attributed to the ductless nature of these systems since the return and supply air streams are in free space and are not burdened by the external static pressure associated with ductwork.
Airflow Measurements

Heating Test Results
The air-side and refrigerant-side capacities of the indoor coil were determined for each test and ASHRAE Standard 116 mandates that the two capacities be within 6% of each other (ASHRAE 2010). However, the refrigerant-side capacity can only be determined if the refrigerant exiting the condenser is subcooled liquid and the refrigerant exiting the evaporator is superheated vapor. These conditions were not present for all steady-state tests, however, the air-side and refrigerantside capacities were within 6% of each other for all cases in which the refrigerant-side capacity could be determined. Since the air-side and refrigerant-side capacities were always within 6% of each other, the air-side capacity measurement was deemed reliable when the refrigerant-side capacity could not be determined.
Steady State -Fujitsu 12RLS
Steady-state heating results for the Fujitsu 12RLS with a 70°F return dry-bulb temperature are displayed in Figure 3 . The data cover a large range of outside temperatures and operating modes. The open circles denote the fan speed and the closed dots denote the compressor speed/load for the given test point. The fan speed was set using the indoor unit's remote control. Maximum and minimum compressor speeds were achieved using manufacturer recommendations. Various combinations of fan and compressor speeds were tested. The unit was most commonly tested at a high fan speed under full load and a trend line was added to these points to highlight the effect of outdoor temperature on heat pump capacity. As expected, the heat pump capacity decreases with decreasing outdoor temperature. Stated previously in Table 1 , the rated heating capacity for this unit was 16,000 Btu/h at 47°F and the trend line shows the rated capacity can be achieved to approximately 7°F. The scatter in the plot exemplifies the variable speed nature of the heat pump and the ability of the heat pump to meet various heating loads without cycling on and off. The manufacturer claims the heating capacity can vary from 3,100-24,000 Btu/h, however, despite loading the compressor to achieve minimum operation based on the manufacturer recommendations, this minimum capacity was not observed in the laboratory. Thus based on the behavior observed in the laboratory, the unit would need to cycle on and off to meet a load lower than approximately 5,000 Btu/h. Figure 4 compares the manufacturer-reported heating capacity to the laboratory test data. The manufacturer-reported data correspond to a high fan speed under an intermediate load. This combination of fan speed and load was not commonly tested in the laboratory, but high fan speed under full load operation is plotted in Figure 4 for comparison. Thus, it is not surprising that the laboratory capacities shown in Figure 4 are higher than the manufacturer-reported data. The manufacturer-reported heating capacities align with the experimental results plotted in Figure 3 . The capacity degradation with colder outdoor temperatures is similar between the reported and laboratory data, as indicated by the slopes of the linear trend lines. Figure 5 plots the heating coefficient of performance (COP) laboratory test results for a return temperature of 70°F. As expected, the COP decreases with lower outdoor temperature and higher COPs are achievable at low compressor loads (for a given outdoor temperature). For a given outdoor temperature and compressor speed, changing the fan speed has only a small effect on the COP. The higher fan speed leads to a small increase in capacity but the increase in fan power offsets the capacity increase for little effect on the COP. Figure 6 compares the manufacturer-reported COP against the laboratory-tested COP for high fan speed, maximum compressor speed operation. Again, the manufacturer-reported data correspond to a high fan speed under an intermediate load, and this combination of fan speed and load was not commonly tested in the laboratory. However, high fan speed under full load operation is plotted in Figure 6 for comparison. It is expected that the manufacturer-reported COP is slightly higher in this case since the data are for an intermediate compressor load. The manufacturer-reported COPs in Figure 6 align with the values plotted in Figure 5 .
Steady-state heating results for all laboratory tests of the Fujitsu 12RLS are included in Table 5 located in Appendix A. Table 5 includes the indoor fan power, outdoor unit total power, indoor airflow rate, and supply air temperature in addition to the heating capacity and COP. The data acquisition program failed to record the actual outdoor coil inlet air temperature during testing. This oversight was corrected prior to testing the Mitsubishi unit and did not affect the laboratory's ability to achieve acceptable energy balances. From the Mitsubishi unit test data, it was noticed that the actual chamber temperature was consistently lower than the intended temperature and this offset increased for colder intended temperatures. The actual outdoor coil inlet temperature equaled the intended temperature (an offset of 0°F) at a test condition of approximately 85°F and increased linearly to an offset of approximately 6°F at a test condition of -7°F. Since the actual outdoor coil inlet temperature was colder than intended, the reported experimental heating capacities would have been higher if actual inlet air temperature equaled the intended value. Thus, it is expected that the experimental heating capacities, at the temperatures plotted in Figure 3 and Figure 4 , were higher than what is displayed.
Steady State -Mitsubishi FE12NA
Steady-state heating capacity results for the Mitsubishi FE12NA at a 70°F return temperature are displayed in Figure 7 . Similar to Figure 3 , the open circles denote fan speed and closed circles denote compressor speed for the given test point. A trend line has been added for the maximum compressor; high fan speed operating points. As shown in Table 1 , the rated heating capacity for the FE12NA is 13,600 Btu/h, and based on the trend line, the rated capacity can be achieved to an approximate outdoor temperature of 18°F under full load conditions. Mitsubishi reported performance at various outdoor wet-bulb temperatures and did not list the coincident dry-bulb temperatures in the extended performance table. Therefore, assumptions had to be made to determine the corresponding dry-bulb temperatures to include in Figure 8 (and Figure 10 ) for comparison to the experimental data. The performance listed by Mitsubishi for the FE12NA was for heating operation without defrost (dry coil). The performance data for an outdoor wet-bulb temperature of 43°F equaled the performance at the rated operating condition (47 °F dry-bulb and 43°F wet-bulb) listed for the unit. Therefore, it was assumed the dew-point depression was constant for all listed wet-bulb temperatures allowing for the calculation of a coincident dry-bulb temperature. The capacity degradation with colder outside temperatures is similar between the reported and laboratory data, as indicated by the slopes of the linear trend lines. The capacity degradation with respect to colder outdoor temperatures appears greater compared to the Fujitsu unit. Figure 5 . It would appear the Fujitsu unit has higher COPs at low compressor loads, but as previously mentioned, the Fujitsu unit also has a higher HSPF despite having a lower-rated COP. Figure 10 compares the manufacturer-reported COP against the laboratory-tested COP. It is expected that the manufacturer-reported COP is slightly higher in this case since the manufacturer-reported data are for an intermediate compressor load and the plotted laboratory data are for high fan speed, full compressor load operation. 
Defrost Cycle
Under certain operating conditions, the heat pump must enter a defrost cycle to melt ice accumulated on the outdoor heat exchanger.
NREL/PIX 19342 (left), 19341 (right)
Credit: Howard Cheung/Herrick Labs
Figure 11. Fujitsu 12LRS outdoor coil immediately prior to defrost operation (left) and outdoor coil immediately following defrost operation (right)
Both heat pumps use a reverse cycle strategy to defrost the outdoor coil. When operating in defrost mode, the compressor pumps hot refrigerant vapor through the outdoor coil, melting ice that has accumulated on the coil. During this time, the indoor fan is disabled and the heat pump does not provide heating capacity. The defrost cycle reduces the integrated performance of the heat pump since there are periods of operation when the compressor is running but heat is not being delivered from the unit. AHRI Standard 210/240 dictates that the second defrost cycle be used to determine the defrost penalty to account for remaining moisture/frost not removed during the first defrost cycle (AHRI 2008). Each unit implements slightly different defrost control strategies as a function of outdoor temperature, run time, and refrigerant pressures.
Defrost test results for both heat pumps are shown in Table 3 . Several of the Mitsubishi FE12NA steady-state tests entered defrost mode, providing defrost results for additional operating conditions. However, only a single defrost cycle was run for these particular tests. Such operating conditions had to be re-run at a lower outdoor humidity to acquire steady-state data. The differences in control strategies are evident. The Mitsubishi unit, under most operating conditions, entered the defrost cycle for a short period of time and waited a short period of time in between cycles. The defrost strategy implemented by the Mitsubishi unit also made it difficult to attain steady state data under certain operating conditions. As expected, the test conducted at a -3°F outdoor temperature required substantially more time in the defrost cycle to overcome the colder temperatures and melt the accumulated ice. Warmer outdoor temperatures (above 35°F) at higher humidity levels than the steady-state tests were tested, but the heat pumps would not enter a defrost cycle under such conditions. 
Cycling Tests
Unlike single-speed heat pumps, mini-split heat pumps rarely cycle between on and off. The variable speed control of MSHPs allows the unit to throttle down the capacity in lieu of turning the unit off under most operating conditions. However, as indicated by Table 1 , each MSHP can only turn down the heating output to approximately 3,000 Btu/h and the unit must cycle on and off to meet heating loads below this tolerance. The cycling test results are displayed in Table 4 . Both units have better cycling performance when starting up under full load conditions, however, starting up under a low load condition is more likely to occur unless the unit is recovering from a thermostat setback period. The degradation coefficients (C d ) listed in Table 4 are high compared to conventional single-speed systems. The transient startup behavior observed in the laboratory can explain the high degradation coefficients. Both units overshoot the minimum load by running the compressor at a higher speed than required for a short period of time resulting low cyclic COPs. After this initial spike, the compressor speed is turned down to low load operation. This behavior results in high degradation coefficients whenever the unit starts up under a low load. Startup data show that the FE12NA ramps the compressor higher than the 12RLS, explaining the larger C d values.
Cooling Test Results
Steady State -Fujitsu 12RLS
The steady-state cooling capacities are plotted in Figure 12 . All points plotted in Figure 12 were tested at standard return conditions of 80°F dry-bulb temperature and 67°F wet-bulb temperature. Test points at other return conditions are included in Table 9 . As indicated in Table 1 , the rated cooling capacity of this particular unit is 12,000 Btu/h (at 95°F outside temperature) with a cooling capacity that ranges from 3,800 to 14,500 Btu/h. At a high fan speed and maximum compressor load, the experimental cooling capacity was 16,400 Btu/h at 95°F (13% larger than the maximum reported capacity of 14,500 Btu/h). Similar to previous plots, a trend line has been drawn corresponding to high fan speed and maximum compressor speed operation. The rated capacity of 12,000 Btu/h can be achieved at temperatures exceeding 115°F. Though the manufacturer reports a minimum cooling capacity of 3,800 Btu/h, a cooling capacity below 5,000 Btu/h was not achieved in the laboratory. Literature provided by the manufacturer was consulted prior to testing to ensure minimum compressor speeds were achieved, however, the actual compressor speed achieved during testing could not be measured. We have developed a procedure to directly measure compressor speed in future testing. Figure 13 compares the manufacturer-reported data to the experimental test results. The manufacturer data are for the maximum airflow rate at an intermediate compressor load but it is compared to the maximum compressor load data from the experimental tests. As expected, the cooling capacity decreases with increasing outdoor temperature. The capacity degradation with increasing outside temperature is similar between the experimental and manufacturer-reported data. Table 9 located in Appendix A. As expected, the COP decreases at higher outdoor temperatures and larger compressor loads. The rated COP of the 12RLS is 4.24 (corresponding to an energyefficiency ratio of 14.46, as listed in Table 1 ) at an outdoor temperature of 95°F which falls in the range of COPs achieved in the laboratory. The COP for maximum compressor load and high fan speed are compared to manufacturer-reported data in Figure 15 
Steady State -Mitsubishi FE12NA
Steady-state cooling capacities at the standard return conditions are plotted in Figure 16 . Additional test points are listed in Appendix A. The Mitsubishi FE12NA was tested under a larger number of operating conditions than the 12RLS to refine the cooling performance model currently under development; however, the Fujitsu 12RLS was tested for more points at the standard return condition of 80°F dry-bulb, 67°F wet-bulb. The manufacturer-rated cooling capacity at a 95°F outdoor temperature is 12,000 Btu/h and the laboratory tested capacity at this condition is within the experimental uncertainty of the rated capacity. The maximum capacity listed in Table 1 for the FE12NA is 12,000 Btu/h, thus it appears that the manufacturer-reported capacities are at full compressor load conditions. Unlike the 12RLS, the FE12NA does not have the capability of providing excess cooling capacity above the rated value. This is likely the reason for a lower SEER compared to the 12RLS. The cooling coefficients of performance for the standard return conditions are plotted in Figure  18 . The FE12NA and 12RLS have similar performance under full load conditions. The FE12NA performs slightly better than the 12RLS at higher outdoor temperatures; despite the lower seasonal energy-efficiency ratio. The higher SEER for 12RLS is due to the unit's performance at lower compressor loads. The COP for the FE12NA is not significantly dependent on the compressor load; whereas the 12RLS COP was significantly higher under low compressor loads. This can be concluded by observing the difference in scatter between Figure 14 and Figure 18 . 
Cycling Tests
Similar to the heating cycling tests, two cycling tests were conducted for each MSHP. AHRI Standard 210/240 mandates that the unit be cycled from off to low power at an outdoor temperature of 67°F (AHRI 2008) . The second test was conducted at the same outdoor temperature, however, the unit was cycled from off to maximum power. The tests concluded that both units perform better when cycling on under full load conditions. Actually, turning both units on under full load conditions resulted in negative degradation coefficients because the average coefficient of performance during the cycling test was slightly higher than the corresponding steady-state COP achieved during the steady-state test.
The degradation coefficient for the Fujitsu 12RLS turning on under low load conditions was 0.43. Despite the laboratory's best efforts, a degradation coefficient for the Mitsubishi FE12NA could not be determined due to testing difficulties. The FE12NA cycled on to a lower load than what could be achieved during steady-state testing, resulting in a higher COP. A higher COP during cycling operation compared to steady-state operation resulted in a negative degradation coefficient.
Conclusions
The Fujitsu 12RLS and Mitsubishi FE12NA mini-split heat pumps have been tested over a broad range of operating conditions in the laboratory. The variable speed nature of both systems was displayed by achieving a wide range of capacities for a given outdoor temperature. The data achieved in the laboratory matched the manufacturer-reported data reasonably well.
The coefficient of performance of both systems was comparable to high SEER forced air systems. The high SEER air-conditioning systems selected for comparison were two-stage, SEER 21 systems manufactured by leading U.S. manufacturers. Low stage cooling capacities of these systems are approximately 75-80% of high stage cooling capacities. The COPs of both MSHP systems at intermediate loads were nearly equivalent (-15% -8%) to the low stage COPs of high SEER forced air systems. However, the cooling COPs of the high SEER forced air systems were approximately 10% -25% higher than the two MSHPs tested. Therefore at equal cooling capacities, MSHPs may not offer peak load savings compared to high SEER forced air systems. However, the potential zoning control offered by mini-split heat pumps could lead to an overall peak load reduction. 
